The radiationless decay dynamics of the S 1 (nπ * ) state and the 3p and 3d Rydberg states of cyclohexanone are investigated using femtosecond time-resolved time-of-flight mass spectrometry and photoelectron imaging spectroscopy. After two-photon excitation of the 3p and 3d states, an ultrafast population transfer to the 3s state is observed within τ < 120 fs. We ascribe this behavior to strong vibronic interactions of the excited Rydberg states with the 1 ππ * valence state that enable an ultrafast population transfer via an avoided crossing and the subsequent passage of a conical intersection between the respective electronic states. Eventually, the 3s state deactivates by internal conversion to the S 1 (nπ * ) state, which in turn is found to be long-lived with a decay time of τ ∼ 300 -800 ps.
I. INTRODUCTION
The α-CC bond cleavage after S 1 (nπ * ) photoexcitation of aliphatic ketones, especially the simplest ketone acetone, in the so-called Norrish type I reaction [1] [2] [3] has attracted tremendous interest for decades. [4] [5] [6] [7] [8] [9] [10] [11] [12] As a result, it is widely accepted today that the excited 1 nπ * state under collision-free conditions has a lifetime of the order of a nanosecond and undergoes intersystem crossing (ISC) to the corresponding 3 nπ * (T 1 ) potential energy hypersurface (PEHS), 11 where the α-cleavage reaction takes place. For cyclic ketones, this photochemical process corresponds to a ring-opening reaction, which may or may not be followed by further decomposition. 4, 13 In the case of cyclohexanone, for example, the 5-hexenal structure obtained after ring-opening at low to moderate excess excitation energies has indeed been shown to undergo little further fragmentation.
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The nuclear dynamics of acetone during the Norrish type I reaction has been the subject of several thorough femtosecond time-resolved experimental studies due to its fundamental importance. 9, [16] [17] [18] [19] [20] Surprisingly, the expected nanosecond lifetime of the 1 nπ * state could not be confirmed by many of the studies employing photoionization as probe for the molecular dynamics. Products of the α-CC cleavage reaction appeared in less than 100 fs with the signature of the parent molecule simultaneously disappearing, thus indicating an unexpected ultrafast bond cleavage. More recent experimental and theoretical studies resolved this discrepancy: while ultrafast structural rearrangements after 1 nπ * excitation leading to a pyramidalized molecular structure were found to hinder photoionization, and thus quickly decrease the experimental signal of the parent, 21, 22 an ultrafast α-CC bond dissociation in fact takes place only after two-photon excitation to the 3d yz Rydberg state. 23 Experimental 23-27 and computational 20, 28 studies have predicted that the 3d yz a) Electronic mail: temps@phc.uni-kiel.de
Rydberg state strongly couples to the 1 ππ * valence state, which in turn likely has a conical intersection (CoIn) with the PEHS of the 3s Rydberg state, on which the α-CC bond is subsequently broken to release the observed CH 3 and CH 3 CO radical fragments.
Here, we aim to investigate the effects of vibronic Rydberg-valence coupling in larger cyclic ketones, where the 1 ππ * valence state has not been experimentally observed to date to the best of our knowledge. This 1 ππ * state has indeed been the subject of only few computational studies that place it at relatively high excitation energies, 28, 29 and it is expected that experimentally its presence can only be indirectly deduced through its vibronic interaction with the adjacent electronic states. [24] [25] [26] 30 With this motivation, we report on the ultrafast deactivation dynamics of selected high-lying electronic states of cyclohexanone in a molecular beam. The molecule is excited in two-photon processes to the 3p and 3d Rydberg states, and the temporal evolutions of the prepared wavepackets are monitored by femtosecond time-resolved time-of-flight mass spectrometry and photoelectron imaging spectroscopy, which have proven to be valuable tools for following molecular dynamics on multiple electronic potential energy surfaces. Owing to the highly multiplexed information provided by the photoelectron imaging technique, we simultaneously learn about the deactivation dynamics of the 1 nπ * state that is excited by a single photon.
II. EXPERIMENTAL METHODS
The experimental measurements were carried out using a femtosecond pump-probe laser system coupled to a home-built linear time-of-flight mass spectrometer (TOF-MS) and photoelectron imaging (PEI) spectrometer described in detail elsewhere. 23, 31 Wavelength-tunable, ∼30 fs excitation pulses in the UV were generated in a homebuilt two-stage non-collinear optical parametric amplifier (NOPA) equipped with a prism compressor and a frequency-doubling crystal. The frequency-doubled fun- . UV absorption spectrum of cyclohexanone in nhexane. The absorption band of the 1 nπ * transition, which has a maximum at 286 nm, is scaled by a factor of 5 for better visibility. The band peaking at 196 nm is caused by the transition to the 3s Rydberg state.
damental of the employed Ti:Sa pump laser at 402 nm (90 fs) served as probe by multiphoton ionization in the experiments. Helium carrier gas at 2 bar was seeded with cyclohexanone (Carl Roth, ≥99.5% purity) and expanded into the vacuum chamber through a pulsed valve. The sample reservoir and all parts in contact with the gas mixture were heated to 130
• C due to the low vapor pressure of cyclohexanone (7 mbar at room temperature). 4 The skimmed molecular beam was crossed perpendicularly by the co-propagating pump and probe laser beams between the repeller and extractor plates of a Wiley-McLaren electrode assembly. The resulting ions or electrons were detected using a microchannel plate backed by a steel anode or a phosphorescent screen viewed by a CCD camera. The Abel inversion of the recorded photoelectron images was done using the pBASEX program. 32 The images were calibrated by measurements of the 2 P 3/2 and 2 P 1/2 lines from the ionization of xenon in a multiphoton above-threshold ionization process with correction for the ponderomotive shift of the ionization energies caused by the intense electric field. 33 The energy resolution of the photoelectron (PE) spectra acquired in a one-photon pump and two-photon probe process was limited to typically 70 meV full width at half maximum (FWHM) by the spectral widths of the laser pulses.
III. EXPERIMENTAL RESULTS
The interpretation of the time-resolved PE spectra of cyclohexanone requires good knowledge of the excited electronic state structure of the molecule. To start, Fig.  1 depicts a UV absorption spectrum of cyclohexanone taken in n-hexane that shows the broad and structureless absorption band of the 1 nπ * state with its maximum around λ = 286 nm. 34 The adiabatic excitation energy has so far not been experimentally determined, but the respective values are well known for acetone (3.774 eV), 6 cyclobutanone (3.756 eV), 35 3-cyclopenten-1-one (3.749 eV), 35 and cyclopentanone (3.754 eV) 35 from fluorescence excitation spectra of the jet-cooled molecules. Since the absorption 34 and emission 36 spectra of these (cyclo-)ketones are all very similar, we assume the electronic origin of the 1 nπ * state in cyclohexanone to be at a similar energy at or close to 3.75 eV. Although transitions to other valence states like the 1 ππ * state are expected to occur, they have not been observed experimentally. The next spectral band in the UV absorption spectrum is the n → 3s Rydberg transition peaking at 196 nm, followed by further members of the n = 3 Rydberg series (not included in Fig. 1 ). The vibrationless origins for some of those states were determined by resonance-enhanced multi-photon ionization (REMPI) spectroscopy for the 3s (6.288 eV) 37 and one 3p Rydberg state (6.894 eV), 38 and by vacuum ultraviolet (VUV) absorption spectroscopy for a second 3p (6.940 eV) and two 3d Rydberg states (7.424 eV and 7.531 eV).
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In the present study, cyclohexanone was excited using femtosecond pump pulses centered at four selected wavelengths, λ pump = 315 nm (3.94 eV), 300 nm (4.13 eV), 280 nm (4.43 eV) and 260 nm (4.77 eV). A diagram of the pump and probe scheme and the thereby accessible electronic states is depicted in Fig. 2 . The absorption of one pump photon excites the 1 nπ * transition, while the absorption of two pump photons leads to transitions to high-lying Rydberg states of 3p, 3d or higher character. Two-photon excitation at λ pump = 260 nm (9.54 eV) ionizes the molecule, as the adiabatic ionization energy (IE) amounts to IE = 9.149 eV. 39 The temporal evolution of the excited 1 nπ * state was monitored by multi-photon ionization with two probe photons centered at 402 nm in a (1+2') process. After the two-photon excitation at λ pump = 315 nm, 300 nm or 280 nm, only one probe photon is needed for ionization in a (2+1') process.
The results of the time-resolved time-of-flight mass spectrometry measurements are depicted in Fig. 3 on the left-hand side. The excited-state decay curves measured on the cyclohexanone parent ion mass (m/z = 98 u) were fitted using a bi-exponential decay model convoluted with a Gaussian that describes the instrument response function (IRF). The standard deviation σ IRF of the Gaussian IRF is an appropriate measure for the experimental time resolution. The fit results are summarized in Table I , with 2σ error margins with respect to the last significant digits given in parenthesis. The determination of the short component τ 1 < σ IRF is limited by the experimental time resolution of around 40 fs. The second decay component τ 2 varies strongly with excitation wavelength, from τ 2 = 18 ps after excitation at λ pump = 315 nm via τ 2 = 900 ps at 300 nm down to τ 2 = 300 ps for 280 nm excitation. It is, however, not observed after 260 nm excitation. The large error values indicate the challenging experimental determination due to the component's low amplitudes. Minor fragmentations (m/z = 42, 55, 69 and 70 u) of the parent molecule were observed in the time-of-flight mass spectra, with fragment amplitudes of less than 5% of the parent ion amplitude. Both the parent and fragment molecular ions appear at the same delay time and with the same rise time of their respective transient ion signals. Since transient ion signals of fragments arising from a photodissociation following electronic excitation are expected to show a delayed rise, the observed fragments are likely caused by dissociation of the excited cation during the flight time from the ionization region to the detector, which has also been observed by Kuhlman et al. 40 and was ascribed to the absorption of an additional probe photon.
Photoelectron images were recorded at all excitation wavelengths at several fixed delay times, yielding photoelectron spectra and anisotropy parameters β L describing the photoelectron angular distributions (PADs). The energy balance of the (n+m ) photoionization process with n pump and m probe photons can be expressed as
The acquired PE spectra are displayed in Fig. 3 on the right-hand side next to the corresponding transient mass signals. The relative delay times noted in the spectra are given with respect to the time zero value gained from fitting to the transient mass spectra. The values of E avl are indicated with vertical dashed lines, and the assignments of the observed photoelectron bands are written above the peaks. In some of the bands, a progression is present that is caused by the initially active C=O stretch vibration. In all recorded PE spectra, we observed a signal around 0.1 eV from single-color three-photon (9.25 eV) ionization by the probe pulse to the ionic ground state D 0 . A single-color signal from the pump pulse was observed at λ pump = 260 nm due to two-photon ionization, which was very small and could be removed from the PE spectra by background subtraction. For the timedependent PADs, anisotropy parameters of β 2 ≈ 1, β 4 ≈ 0 and β 6 ≈ 0 were determined for all observed bands that had sufficient signal amplitude to be evaluated. Due to the very fast decay of the PE signals, the value of β 2 is likely caused only by the parallel alignment of the transition dipole moment to the laser polarization, thus mostly resembling a cos 2 θ angular distribution and yielding no further insight into the electronic excited-state character during the ensuing molecular dynamics.
IV. ASSIGNMENTS AND DISCUSSION

A. Dynamics after 3p and 3d Rydberg excitation
In general, the PE spectra show very similar spectral band structures at all pump wavelengths. After photoexcitation at λ pump = 315 and 300 nm, they are predominated by PE bands at 0.80 eV from the 3p Rydberg states. Following excitation at λ pump = 280 and 260 nm, the spectra display their most prominent PE bands at 1.45 eV from the 3d Rydberg states, although the signature of the 3p Rydberg states is still present with smaller amplitude. Vibrational progressions (as indicated above the 3p and 3d PE bands in Fig. 3 ) can be seen with a level spacing of 0.15 eV (∼1210 cm −1 ). As the photoexcitation of the n electron from the oxygen atom weakens the C=O double bond, the C=O stretch vibration ν CO is expected to be predominantly active. The well-known ground state frequency ν CO = 1709 cm −1 is reduced to a value of ν CO = 1232 cm −1 in the 3p Rydberg states,
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and a similar value can be expected for the 3d Rydberg states, thus explaining the observed progressions.
The excitation of the above Rydberg states may be rationalized by considering the scheme in Fig. 2 . Accordingly, most of the intensity of the corresponding PE bands likely arises from transitions excited by the combination of one pump and one probe photon in a resonant process during the temporal overlap of both laser pulses. As can be seen from Fig. 2 , the total photon energy of these processes is closely above the adiabatic excitation energy of the 3p states at λ pump = 315 nm and 300 nm, and of the 3d states at λ pump = 280 nm and 260 nm. This resonant enhancement also explains the spiking signal around time zero in the transient ion mass signals, giving rise to the τ 1 < σ IRF decay component. We note as an important fact, however, that the excited 3p state signal is clearly also present in the 280 nm and 260 nm PE spectra, although the (1 + 1 ) photon energy is above the excitation energy of the 3d states and the 3p and 3d Rydberg states are energetically well separated.
In the spectra recorded using λ pump = 315, 300 and 280 nm, a relatively long-lived, narrow PE band at 0.20 eV is observed that we assign to the 3s Rydberg state. It is still present after ∼120 fs, when the bands of the 3p and 3d states generated in the resonant (1 + 1 ) processes have vanished, and therefore has to originate from a transition excited by only the pump pulse. As Fig. 2 suggests, the absorption of two 315 nm or 300 nm photons should lead to the excitation of the 3d (or even higher) Rydberg states, and a corresponding PE band would be expected around 1.45 eV in the spectra. This, however, is not observed. In the 280 nm spectra, on the other hand, a band at this energy is present, but cannot be separated from the band excited in the (1 + 1 ) process at the same energy. Consequently, the 3s Rydberg state has to be populated after two-photon excitation of transitions to either the 3p or the 3d Rydberg states followed by an ultrafast electronic population transfer proceeding significantly faster than in ∼120 fs. This transfer takes place either directly from the 3p states (at λ pump = 315 nm and 300 nm), or from the 3d states via the 3p states (at λ pump = 280 nm), as indicated by the presence of the 3p PE band at this pump wavelength. The 3s Rydberg state clearly remains populated for a longer time than the 3d and 3p states. Finally, the 3s state is not observed in the PE spectrum at λ pump = 260 nm, because the molecule is directly ionized by two-photon absorption at this wavelength.
There have been no experimental or theoretical studies on the ultrafast relaxation dynamics of high-lying Rydberg states in any cyclic ketone in the literature to the best of our knowledge. In order to understand why the 3p and 3d Rydberg states are so short-lived, however, we can compare the situation to the related and wellinvestigated acetone molecule. There, some of the 3p and 3d Rydberg states were experimentally found to interact strongly with the 1 ππ * valence state. [23] [24] [25] [26] [27] 39 Highlevel quantum-chemical calculations proposed that the PEHS of the 3p y and 3d yz Rydberg states and the 1 ππ * valence state (all of the same symmetry) form avoided crossings and thus double-well potential energy surfaces along the C=O stretch coordinate. 24 Furthermore, following the radiationless deactivation pathway from the excited 1 ππ * state, a low-lying CoIn with the 3s Rydberg state was found at a larger C=O bond length.
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In our experimental study of the electronic deactivation dynamics of the 3d yz Rydberg state of acetone, we observed that the avoided crossing to the 1 ππ * state can be efficiently traversed in less than 100 fs after two-photon excitation. 23 The PE spectra and the previous discussion in the present work work indicate that the findings on the excited-state structure of acetone can be directly transfered to cyclohexanone. Based on the discussed observations, it seems very likely that the excited 3p and 3d Rydberg states deactivate in less than ∼120 fs via the 1 ππ * valence state to the 3s Rydberg state, although a spectral signature of the 1 ππ * state itself has not been directly observed in our data. The lifetime of the 3s Rydberg state was determined to τ = 9.7 ps by Kuhlman et al. 40 after one-photon excitation close to the vibrationless origin, followed by internal conversion to the S 1 (nπ * ) state.
B. Dynamics after S1 (nπ * ) excitation
The S 1 (nπ * ) state is accessed simultaneously to the above two-photon processes by one-photon excitation in our pump-and-probe scheme. In the PE spectra recorded using λ pump = 300 nm and 260 nm in Fig. 3 , the bands observed at 1.15 eV and 1.78 eV, respectively, thus result from this direct photoexcitation to the S 1 state in the Franck-Condon (FC) window (both are consequently denoted as S FC 1 ). In the PE spectra recorded at λ pump = 315 nm and 280 nm, they are obscured by the much more intense 3p and 3d Rydberg state PE bands. Importantly, however, the PE signal from the S state quickly disappears in only ∼75 fs (at λ pump = 300 nm), which is a well-known effect observed in many ketones, e.g. acetone. There, the molecular structure changes after 1 nπ * excitation by pyramidalization of the C-CO-C atoms out of the molecular plane in less than 30 fs, 6, 21, 23, 42, 43 by which the ionization probability is strongly reduced.
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The same structural pyramidalization takes place in cyclic ketones as well, with the process likewise being caused by the initially sp 2 -hybridized C atom relaxing to a more sp 3 -like hybridization upon promotion of the n y electron to a higher orbital. The result is not only a deplanarization around this C atom, but also to a relaxation of the adjacent C-C bonds. 37 The hereby induced release of ring strain generates nuclear motion in the ring system. In particular, it leads to excitation of a low-frequency ring puckering vibrational mode, as was observed in cyclobutanone and cyclopentanone. 40 In contrast to acetone, however, the long-lived signature of this structurally relaxed S 1 (nπ * ) state can be seen as a broad band around 0.75 eV in the PE spectra recorded at λ pump = 300 nm, 280 nm and 260 nm (denoted as S rel 1 in Fig.  3 ). As can be seen from the PE spectrum obtained using λ pump = 300 nm, the stabilization of the S state amounts to ∼0.55 eV. In the spectrum at λ pump = 260 nm, this band is even still present after more than one picosecond. The broad shape is an indication for the wide distribution of energy in the active ring modes, thereby providing evidence for ultrafast redistribution of vibrational energy away from the initially excited C=O stretch vibration in the FC region towards the minimum of the 1 nπ * PEHS.
The rate-limiting step in the further deactivation of the 1 nπ * state on the nanosecond timescale is known to be intersystem crossing to the corresponding T 1 (nπ * ) triplet state, where the subsequent ring-opening reaction takes place. 14, 36, 44 As the transient mass and PE signals from the relaxed S 1 (nπ * ) state are so weak, the exact decay time can only be roughly approximated from our results and likely corresponds to the τ 2 ∼ 300 -800 ps component of the transient mass spectra at λ pump = 300 nm and 280 nm, in acceptable agreement with the expected value. At λ pump = 315 nm, no signal from the relaxed S 1 (nπ * ) state was observed in the PE spectra so that the value of τ 2 = 18 ps probably rather corresponds to the lifetime of the 3s Rydberg state. At λ pump = 260 nm, however, the τ 2 component was not observed at all, despite a PE band of the S 1 (nπ * ) state being clearly present in the spectra, which is likely due to the difficult experimental conditions.
V. CONCLUSIONS
The excitation of cyclohexanone with femtosecond laser pulses at wavelengths of λ pump = 315, 300, 280 and 260 nm leads to one-photon transitions to the S 1 (nπ * ) excited state, and simultaneously to two-photon transitions to the high-lying 3p and 3d Rydberg states. A graphical summary of the ultrafast dynamics following both excitation processes is presented in Fig. 4 .
Our results indicate that after two-photon excitation, the 3p Rydberg state undergoes internal conversion to the 3s Rydberg state, while the 3d Rydberg state cascades to the 3s Rydberg state via the 3p Rydberg state. The 3s Rydberg state observed in the photoelectron spectra is not directly excited in our experiment, but its signature is found to live for longer than the investigated temporal range of 240 fs, and therefore cannot be populated in any other way than by an internal conversion process from an energetically higher-lying state. In both cases, the conversion process was found to proceed faster than in 120 fs. By comparison to experimental and quantum-chemical studies of the related prototypical acetone molecule, we attribute this ultrafast electronic population transfer to vibronic interaction of the 3p and 3d Rydberg states with the 1 ππ * valence state, very likely through avoided crossings of the corresponding PEHS along the C=O stretch vibrational coordinate. After traversal of the crossing to the 1 ππ * hypersurface, the population is funneled through a conical intersection to the 3s Rydberg state on an ultrafast timescale. The 3s Rydberg state then continues to undergo internal conversion to the S 1 (nπ * ) state on a picosecond timescale. The S 1 (nπ * ) state excited by one photon is responsible for two spectral signatures in the PE spectra. The Franck-Condon species produces a very short-lived signal that decays in less than 75 fs due to the pyramidalization of the molecular structure and the accompanying reduction of ionization probability. The long-lived na- Figure 4 . Summary of the molecular dynamics following twophoton excitation of the 3p and 3d Rydberg states and onephoton excitation of the S1 (nπ * ) state of cyclohexanone (blue arrows). The two-photon excitation of the 3p and 3d Rydberg states is followed by an ultrafast population transfer (red arrows) in less than 120 fs to the 3s Rydberg state via the 1 ππ * valence state, which is likely accessed through avoided crossings and the subsequent passage of a conical intersection of the corresponding PEHS. The 3s state deactivates by internal conversion (IC) to the S1 state. After one-photon S1 (nπ * ) excitation, structural relaxation towards the minimum of the PEHS, denoted by S rel 1 , takes place in less than 40 fs. The S1 state deactivates slowly on a timescale of τ ∼ 300 -800 ps via intersystem crossing (ISC) to the T1 (nπ * ) state.
ture of the S 1 state is revealed by a weak and very broad band in the PE spectra attributed to the structurally relaxed 1 nπ * state close to the minimum of the PEHS, where many vibrational ring modes are active. The life-time could only be approximately determined to be of the order of τ ∼ 300 -800 ps, in satisfactory agreement with the nanosecond lifetime caused by slow intersystem crossing to the corresponding 3 nπ * triplet state known from other ketones.
